This study aims to improve the design factors of air diffuser systems that have been analyzed in laboratory experiments, with consideration of the field conditions of dam reservoirs. In this study, the destratification number (D N ), destratification radius, and efficiency are considered as design factors.
INTRODUCTION
Algal blooms have posed chronic water quality problems in dam reservoirs, which are major water resources in Korea. In particular, algae growth flourishes more in the summer season and is stimulated by a number of factors including thermally induced stratification coupled with eutrophication (Søballe & Kimmel ) . In addition, the thermal stratification creates a hypolimnion anoxic condition, as the heat and mass cycle are inhibited between the epilimnion and hypolimnion (Kim et al. ) . As a solution to these problems, the Korean dam reservoir managing organization (K-water) recently established air diffuser systems that artificially circulate the stored water and supply oxygen to the hypolimnion. It is well known that the advantages of air diffuser systems include the simplicity of installation and operation, and the economical efficiency compared with other water circulation systems (Stephens & Imberger ; Sahoo & Luketina ; Yum et al. ) .
The main function of air diffuser systems is to induce destratification. They also decrease the epilimnion temperature, supply oxygen to the hypolimnion, inhibit nutrients release, and control algal growth via induced turbulence (Kim et Yum et al. () reported that the air diffuser systems constructed in Korea have not demonstrated successful performance because the design factors of the air diffuser systems are usually only optimized in laboratory experiments, implying that the design factors need to be improved in order to satisfy field conditions. For example, it is difficult to simply define the radius of the bubble plume due to the asymmetric shape of the bubble plume caused by normal water flows in field conditions of dam reservoirs; also, the destratification efficiency resulting from laboratory experiments does not consistently match that observed in dam reservoir sites (e.g. Zic et al. ; Yum et al. ) .
Among the design factors, therefore, this study focuses on improving the non-dimensional variable (D N ), destratification radius, and efficiency of the air diffuser system. In order to consider the field conditions of dam reservoirs, 2-phase computational fluid dynamics (CFD) simulation was applied. The general approach is designed as follows.
First, a CFD model is built for a hypothetical control volume suitable for two dam reservoirs, Unmun Dam and Boryeong Dam in Korea. Second, the model is validated through comparisons with the results from the investigations of the two dams. Third, the design factors are estimated and analyzed while the model is simulated in a variety of field conditions. Finally, the design factors that vary with water depth, thermal stratification, and airflow rate are provided.
METHODS

Field conditions in the dam reservoirs
Unmun Dam and Boryeong Dam were chosen as the study sites to investigate the field conditions of dam reservoirs in Korea. The field conditions were divided into: (i) the water conditions in the dam reservoir, i.e. water depth, water flow velocity, thermal stratification condition, and temperature profile; and (ii) the operating conditions of the air diffuser, i.e. number of air diffusers and airflow rate. The thermal stratification condition is denoted by the difference in temperature between epilimnion and hypolimnion. It should be noted that unlike existing laboratory experiments, this study considers the water flow velocity carefully.
Development of the CFD model
CFD has been widely used for simulating the behavior of gas-liquid flows. As a tool for the model, this study used commercial software CFX Ver. 11.0 (ANSYS, Inc.). The model geometry per air diffuser was expressed using a three-dimensional structure of 100 m × 100 m × 30 m that considered the computational load and accurate simulation.
Other assumptions of the model are listed in Table 1 . The CFD model was simulated for the transient state and iterated 100 times to the maximum trade-off. Weather conditions such as wind and rain were excluded from the simulation experiment.
The continuity Equation (1) and the momentum Equation (2), as governing equations, were applied to the CFD model, as follows:
is the modified pressure (N/m 2 ), B is the sum of body force (N), μ eff is the effective viscosity (kg/m/s) accounting for the turbulence, and t is the time (sec). The body force was calculated as the buoyancy of the bubble from the air diffuser. The effective viscosity can be expressed as the sum of the fluid viscosity (μ) and turbulence viscosity (μ t ). The k-ε model, based on the eddy viscosity concept, was used to solve the turbulent flows. The turbulence viscosity can be represented in terms of the turbulence kinetic energy and dissipation, as follows:
where C μ is the coefficient of the turbulence viscosity, k is the turbulence kinetic energy (m 2 /s 2 ), ε is the turbulent dissipation rate (m 2 /s 3 ). The values of k and ε are taken directly from the differential transport equations for the turbulence kinetic energy and turbulence dissipation rate:
where C ε1 , C ε2 , σ k and σ ε are coefficients of the k-ε model. P k is the turbulence production that results from viscous and buoyancy forces: (6) where P kb is the buoyancy production term:
where g is the acceleration of gravity (m/s 2 ).
Simulation and validation of the CFD model
After reflecting on the study sites, the input data for the field conditions were set as follows: the water flow velocity was 0.9 cm/s which was an average in 95% confidence-interval of the normal distribution formulated by observations of the study sites; the water depth was 30 m; the initial temperature profile had thermal stratification (thermocline layer), as shown in Figure 1 ; the thermal stratification conditions (i.e. temperature difference between the epilimnion and hypolimnion) was approximately 10 W C; the temperature profile of the inflow was assumed to be the same as the initial temperature distribution; the airflow rate was 300 LPM operated in the study dam sites. Then, the CFD model was calibrated and validated for the fluid velocity and temperature profile through comparisons between the simulated results and observations.
CFD simulation experiment
In order to analyze how the design factors of the air diffuser systems vary with the water depth, thermal stratification condition, and airflow rate, 18 cases were simulated according to the conditions. The water depth conditions were 20, 30, and 40 m with considerations of low, ordinary, and high water levels, respectively, based on the field conditions of the study dam sites. The thermal stratification conditions (i.e. temperature difference between the epilimnion and hypolimnion) were 8 and 12 W C, which considers the strong thermal stratification (summer season) and weak thermal stratification (early spring or late autumn). The airflow rate conditions of the diffuser were 200, 300, and 400 LPM considering the operations in the dam reservoir site.
Design factors of the air diffuser system
Non-dimensional variable D N Yum et al. () introduced the destratification number (D N ) that considers the effect of the bubble size on the behavior of the bubble plume, indirectly through the slip velocity and found that D N had a closer relationship with destratification efficiency than other non-dimensional variables such as P N , M H , and U N .
where N is the stratification frequency (1/s), H is the water depth (m), Q B is the airflow rate at the bottom of the reservoir (m 3 /s), u s is the slip velocity of the bubble (m/s), and α is the entrainment coefficient (unitless). 
Destratification radius
The bubble plume in the dam reservoir site has an asymmetrical shape due to the water flow around the plume. Inflow into the bubble plume shortens the radius, while the outflow from the bubble plume lengthens the radius. It is believed that the shorter radius is more meaningful for the reliable design of air diffuser systems. Therefore, the shorter radius was analyzed in this study and it was defined as a conservative radius. In the stratified reservoir, the bubble plume of the air diffuser continuously disturbs the equilibrium of the density current, making a dense layer rise and a light layer fall. This action increases the potential energy of the fluid. The increment of the potential energy results from the change of the kinetic energy supplied from the air diffuser, which indicates that there is energy efficiency at that point. Thus, the destratification radius was determined as the area where the energy efficiency occurs rather than the physical flow area by the bubble plume. The energy efficiency decreases far from the air diffuser. The potential energy of the fluid is also changed by the inflow. Thus, the destratification radius was determined as the distance between the air diffuser and the convergent point of the decreasing slope of the energy efficiency and the trend line of energy changed by the inflow, as shown in Figure 2 .
The energy efficiency can be defined as the percentage of the increased potential energy over the kinetic energy supplied by the air diffuser for a fixed operating time at a point away from the air diffuser:
where η E is the energy efficiency (%), Δt is the operating time of the air diffuser (s), ΔPE is the change of potential energy within the operating time (J ), ρ* is the reference density (kg/m 3 ), Q 0 is the airflow rate at atmospheric pressure (m 3 /s), and H A is the atmospheric pressure head (m). The density was calculated using the correlation with temperature, as proposed by UNESCO ().
Destratification efficiency
In the dam reservoir sites, it is often difficult to judge the theoretical destratification phenomenon unlike the closed tanks used in laboratory experiments, because it is an open area around the bubble plume and the mixed water tends to be restratified by a continuous stratified inflow. Therefore, the destratification efficiency in this study was considered as an efficiency for the water volume within the destratification radius in spatial dimensions; furthermore, it was regarded that the destratification occurred when the temperature profile did not change in temporal dimensions.
RESULTS AND DISCUSSION
CFD model validation
To validate the CFD model for the water flow velocity and temperature profile, the simulated results were compared with the observations from study sites as shown in Figure 3 . The fluid velocity was shown to be well matched with r 2 ¼ 0.88. In the temperature profile, it was found that as the simulation time increased, the error of the middle layer increased, and the value of r 2 decreased. Finally, the value of r 2 was converged to 0.627. Nonetheless, it was believed that the constructed CFD model described real observations satisfactorily. Above all, the error was quite small for the temperature in the epilimnion and hypolimnion, which influence the stratification of the fluid.
Moreover, when the model error was elegantly decomposed with Theil's inequality statistics (Theil ), 69.2% of the mean square error was attributed to unequal covariation between simulation and observed data. It was therefore concluded that the error mostly arose from random variations of data, i.e. uncontrollable factors such as the external circumstances in the dam reservoir site, and measurement error. Design factors of the air diffuser with field conditions Table 2 shows the simulation results with the change of water conditions and operating conditions of the air diffuser.
D N in field conditions
The value of D N in the field conditions of study sites (Unmun Dam and Boryeong Dam) was between 30,000 and 4,500,000. The D N values in dams that are larger than the study sites were calculated to be considerably more. However, the range of D N values was small in the laboratory experiments due to their small scale (e.g. Yum et al. ) . Therefore, it is important to consider larger D N values that are represented in the field conditions when designing air diffuser systems for field applications.
Destratification radius in field conditions
The destratification radius was in the range of approximately 5-8 m. It tended to increase with conditions of greater water depths, larger airflow rates, and smaller thermal stratifications. The relationship between the D N and destratification radius is shown in Figure 4 and, the R/H (i.e. radius per unit water depth) decreased logarithmically as the D N value increased. The destratification radius in the field conditions can be predicted using Equation (10):
These results were compared with previous research results. Fannelop et al. () proposed that the distance of the outward-moving flow area was six times that of the water depth in a homogeneous fluid. This was overestimated, as the radius of the bubble plume, because the water in the dam reservoir was a thermally stratified fluid ΔTs is the thermal stratification condition ( W C), R is the destratification radius (m), R/H is the radius per unit water depth (unitless), and η is the destratification efficiency (%). and the airflow rate was not considered. Asaeda & Imberger () suggested that the intrusion size at the epilimnion could be represented as approximately (Q 0 g=N 3 ) 1=4 . This was overestimated approximately 5-30%. However, it did not significantly differ from the results of this study because the potential energy was changed due to the intrusion at the epilimnion. That is, the distance of the intrusion at the epilimnion suggested by Asaeda & Imberger () is a similar concept to the destratification radius in this study, as an area where the potential energy changes. However, it is considered that the conservative radius is more meaningful as a design factor in air diffuser systems due to the asymmetric shape of the bubble plume caused by normal water flows in field conditions at the dam reservoir sites.
Destratification efficiency in field conditions
The relationship between D N and the destratification efficiency was analyzed and the results are shown in Figure 5 (a).
The destratification efficiency in field conditions linearly increased in the range of a small D N value. Its increase rate was gradually reduced in the range of a large D N value. These results were compared with previous research. Yum et al. () also suggested a correlation between destratification efficiency and D N through laboratory experiments as shown in Figure 5(b) . The destratification efficiency was analyzed in the range of a small D N value as a result of the laboratory experiment conditions. It also increased almost linearly as the D N value increased. This result is similar to that of this study. However, the efficiency was approximately 40% corresponding to a D N value of 120,000 as shown in Figure 5(b) . Through the analyses in this study, the maximum value was found to converge to approximately 12% as the D N approached its maximum value. Zic et al. (), Matsunashi & Miyanaga () , and Asaeda & Imberger () also recommended that the maximum destratification efficiency was approximately 3, 4-5, and 8-12%, respectively, in the field conditions of the dam reservoir site. This implies that the destratification efficiency analyzed in laboratory experiments does not consistently match well with the observations at the dam reservoir site. Therefore, the destratification efficiency in the field conditions can be predicted using Equation (11). These results provide useful implications for the design of air diffuser systems. Firstly, if the target destratification efficiency is determined by the dam reservoir manager, the D N value can be calculated using Equation (11). Then, the airflow rate and destratification radius for the target efficiency determined can be predicted using Equations (8) and (10).
η ¼ 11:848 × [1 À e À8:064×10 À7 D N ] (11) 
